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Abstract In order to gain a first insight into the effects of
reactive oxygen species (ROS) on plant mitochondria, we studied
the effect of the ROS producing system consisting of xanthine
plus xanthine oxidase on the rate of membrane potential (v8)
generation due to either succinate or NADH addition to durum
wheat mitochondria as monitored by safranin fluorescence. We
show that the early ROS production inhibits the succinate-
dependent, but not the NADH-dependent, v8 generation and
oxygen uptake. This inhibition appears to depend on the
impairment of mitochondrial permeability to succinate. It does
not involve mitochondrial thiol groups sensitive to either
mersalyl or N-ethylmaleimide and might involve both protein
residues and/or membrane lipids, as suggested by the mixed
nature. We propose that, during oxidative stress, early
generation of ROS can affect plant mitochondria by impairing
metabolite transport, thus preventing further substrate oxida-
tion, v8 generation and consequent large-scale ROS pro-
duction. ß 2002 Federation of European Biochemical Soci-
eties. Published by Elsevier Science B.V. All rights reserved.
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1. Introduction
Reactive oxygen species (ROS) are generated during aerobic
metabolism, mitochondria being one of the most important
ROS sources as well as ROS targets (for references see [1^4]).
Although in plant mitochondria ROS production is high
due to the high oxygen concentration in plant cells due to
activity of chloroplasts, as well as to biotic and abiotic stress
(for references see [5^7]), the knowledge of the ROS-induced
e¡ects on plant mitochondria is rather poor. Mitochondrial
damage was reported due to H2O2 in castor bean endosperm
[8]; moreover, high mitochondrial electrical membrane poten-
tial (v8) was shown to cause ROS production via succinate
oxidation in state 4, due to reverse electron transfer in plant
[9] as in animal mitochondria [10,11], thus necessitating the
occurrence of a mitochondrial defence mechanism against
ROS. In this regard, we have recently shown that in durum
wheat mitochondria (DWM) ROS can activate both the plant
mitochondrial potassium channel (PmitoKATP) [12] and the
plant uncoupling mitochondrial protein (PUMP) [13], both
of them working by collapsing the mitochondrial v8 in an
uncoupling protein-like manner; this poses the question as to
whether and how ROS production can elicit other defence
mechanisms under conditions of high v8-related ROS gener-
ation. Thus, we investigated the e¡ect of ROS produced by
xanthine plus xanthine oxidase on v8 generation caused by
either succinate of NADH addition to DWM.
We show that the early ROS production can decrease the
rate of v8 generation by succinate, but not by NADH, pos-
sibly by impairing the carrier-mediated succinate uptake by
mitochondria.
2. Materials and methods
2.1. Chemicals and plant material
All reagents were purchased from Sigma. Substrates were used as
tris(hydroxymethyl)-aminomethane (Tris) salts at pH 7.20. Antimycin
A and carbonyl cyanide p-(tri£uoromethoxy)phenylhydrazone
(FCCP) were dissolved in ethanol. Certi¢ed seeds of durum wheat
(Triticum durum Desf., cv. Ofanto) were from the Italian Cereal
Crop Institute (Foggia, Italy).
2.2. Isolation of DWM
Mitochondria were isolated from 72 h old etiolated seedlings of
durum wheat, as in [14]. The grinding bu¡er contained 0.5 M sucrose,
1 mM ethylenediaminetetraacetic acid (EDTA), 4 mM cysteine, 0.1%
(w/v) defatted bovine serum albumin (BSA), 0.6% (w/v) polyvinylpyr-
rolidone (PVP), 30 mM Tris^HCl pH 7.50 and washing bu¡er con-
tained 0.5 M sucrose, 1 mM EDTA, 0.1% (w/v) defatted BSA, 10 mM
Tris^HCl pH 7.40. Puri¢cation of washed mitochondria was obtained
by isopycnic centrifugation in a self-generating 28% (v/v) Percoll
(PVP-coated silica sol, Pharmacia) gradient as in [15]. The ¢nal mi-
tochondrial suspension was diluted to obtain a 0.3 M sucrose concen-
tration. This protocol gives intact and coupled mitochondria [14].
Mitochondrial protein content was determined by Lowry’s method,
modi¢ed as in [16], using BSA as a standard.
2.3. Superoxide anion production
Superoxide anion (and some hydrogen peroxide [17]) was generated
by a system, already used in [12,13], consisting of 0.1 mM xanthine
plus the amount of xanthine oxidase (xanthine:oxygen oxidoreduc-
tase, EC 1.1.3.22) from buttermilk (Sigma X-4376) required to gen-
erate superoxide anion at an initial rate of 20 nmol/min (usually about
100^200 Wg). The rate of superoxide anion generation by the xanthine
plus xanthine oxidase system was determined by measuring the rate of
oxygen consumption due to xanthine oxidase reaction in a medium
consisting of 0.3 M mannitol, 5 mM MgCl2, 20 mM Tris^HCl pH
7.20. A check was made that antimycin A, phenylsuccinate and cys-
teine are no inhibitors of the xanthine oxidase. Mersalyl (0.3 mM) and
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N-ethylmaleimide (NEM) (0.1 mM) inhibited xanthine oxidase to dif-
ferent extents in di¡erent enzyme preparations (15^50%); in each ex-
periment correction of enzyme amount was made for mersalyl and
NEM inhibition.
2.4. Oxygen uptake
Oxygen uptake by DWM due to the addition of either 5 mM
succinate or 1 mM NADH was measured at 25‡C by means of a
Gilson Oxygraph model 5/6-servo Channel pH 5, equipped with a
Clark-type electrode (5331 YSI, Yellow Spring, OH, USA). Measure-
ments were carried out in 2 ml of a medium consisting of 0.3 M
mannitol, 5 mM MgCl2, 20 mM Tris^HCl pH 7.20 and 0.2 mg of
mitochondrial proteins.
2.5. Fluorimetric measurements of v8 changes
Mitochondrial v8 was monitored at 25‡C essentially as in [18], by
measuring safranin ‘O’ £uorescence changes (Vex 520 nm, Vem 570 nm)
by means of a Perkin-Elmer LS50B spectro£uorimeter. Measurements
were carried out in a reaction medium (2 ml) containing 0.3 M man-
nitol, 5 mM MgCl2, 20 mM Tris^HCl pH 7.20, 2.5 WM safranin ‘O’,
and 0.2 mg of mitochondrial proteins. The rate of v8 generation was
expressed as rate of £uorescence change, vF/s, i.e. change in arbitrary
units of £uorescence per second, and calculated as the higher slope of
the experimental curve obtained after succinate or NADH addition to
DWM. The rate obtained by using control DWM with 5 mM succi-
nate was taken equal to 100. Succinate-respiring DWM showed a v8
of about 180^190 mV [12].
3. Results
The mitochondrial membrane potential (v8) of puri¢ed
DWM was found to remain rather constant in the time as
monitored by safranin £uorescence (Fig. 1). Either succinate
(5 mM) or NADH (1 mM) was then added in the absence or
presence of the ROS producing system consisting of xanthine
plus xanthine oxidase, which per se have no e¡ect on the
safranin £uorescence. Both succinate and NADH were found
to cause a fast increase in the mitochondrial v8 as shown by
Fig. 1. E¡ect of xanthine plus xanthine oxidase on the rate of both v8 generation and oxygen uptake in succinate and NADH respiring mito-
chondria. A,AP : Measurements of mitochondrial v8 changes were carried out as reported in Section 2 by monitoring safranin ‘O’ £uorescence.
Traces b and bP : DWM were suspended in the reaction medium, incubated 5 min, then 5 mM succinate or 1 mM NADH was added, with saf-
ranin ‘O’ £uorescence continuously monitored; ¢nally, 1 WM FCCP was added. In traces a and aP the reaction medium also contained the
superoxide anion producing system xanthine plus xanthine oxidase, incubation time 5 min. The numbers alongside the curves indicate the rates
of v8 generation (see Section 2). B,BP : Oxygen uptake measurements were carried out as reported in Section 2. DMW were either incubated
5 min in the medium, then succinate (trace d) or NADH (trace dP) was added, or incubated 5 min with xanthine plus xanthine oxidase, then
succinate (trace c) or NADH (trace cP) was added. Then, at the arrows 1 mM cyanide was added. The numbers alongside the traces indicate
the rates of oxygen uptake expressed as natom O/min/mg/ of protein.
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the decrease of safranin £uorescence (traces b and bP, respec-
tively). v8 was completely and rapidly collapsed by adding
the uncoupler FCCP. When DWM were incubated for 5 min
with xanthine plus xanthine oxidase, about 55% inhibition
(trace a) and no inhibition (trace aP) of the rate of v8 gen-
eration caused by succinate and NADH, respectively, were
found. Consistently, succinate-dependent oxygen uptake was
found to be inhibited by 5 min incubation with xanthine plus
xanthine oxidase (compare traces c and d), while no signi¢-
cant inhibition was observed in the case of NADH (traces cP
and dP) ; externally added cyanide was found to block oxygen
uptake, showing the lack of the alternative oxidase pathway
under our experimental conditions (see also [14,19]).
Incubation of DWM with either xanthine or xanthine oxi-
dase alone gave no signi¢cant inhibition of the succinate-de-
pendent and NADH-dependent v8 generation. The xanthine
plus xanthine oxidase-dependent inhibition observed in succi-
nate oxidising DWM was largely prevented by superoxide
dismutase plus catalase (not shown), thus indicating that the
inhibition involves superoxide anion/hydrogen peroxide pro-
duction.
Since succinate and external NADH di¡er from each other
with respect to the localisation of their dehydrogenases, lo-
cated in the outer and in the inner face of the mitochondrial
inner membrane, respectively [7], we investigated whether
ROS production can a¡ect the mitochondrial permeability
to succinate.
In order to determine whether the rate of the succinate ox-
idation-supported v8 generation re£ects the rate of succinate
uptake and whether the inhibition found in Fig. 1A was de-
pendent on the succinate uptake by mitochondria, the control
strength criterion was applied as in [20] using phenylsuccinate,
which inhibits the succinate transport in plant mitochondria,
but cannot enter mitochondria [21] (Fig. 2). Thus, the rate of
v8 generation was investigated as a function of increasing
phenylsuccinate concentrations in control DWM (line A).
The intercept to the Y-axis of the line ¢tting the experimental
points determined in the presence of phenylsuccinate proved
to coincide with the experimental point measured at zero phe-
nylsuccinate concentration: this shows that the rate of v8
increase mirrors the rate of succinate transport across the
mitochondrial membrane (see [22]). As a control, in the
same experiment, we partially inhibited electron £ow via the
respiratory chain by using 4 ng antimycin A (line B); as ex-
pected, no inhibition by phenylsuccinate up to about 2 mM
was found, thus showing that in this case the electron £ow
limits the rate of v8 increase. Interestingly, under this con-
dition, the maximal rate of succinate transport, as obtained by
extrapolation of the line to the y-axis (dashed line), was found
to be lower than in A.
When DWM were treated with xanthine plus xanthine ox-
idase (5 min incubation), either in the absence (line C) or in
the presence of 4 ng antimycin A (line D), a signi¢cant inhi-
bition was found at any investigated phenylsuccinate concen-
tration, moreover, in both cases, the y-axis intercepts show
that the transport of succinate is the rate limiting step of
the rate of v8 generation. This result shows that succinate
transport is the process inhibited by ROS.
The dependence of the rate of succinate uptake on increas-
ing substrate concentrations was investigated either in the
absence or in the presence of xanthine plus xanthine oxidase
(5 and 10 min incubation) and plotted as double reciprocal
plots (Fig. 3A). Saturation characteristics were found in con-
trol DWM, with Km and Vmax values equal to 0.23 mM and
105 vF/s, respectively; the rate of succinate-dependent v8
generation was inhibited by xanthine plus xanthine oxidase
treatment in agreement with a mixed inhibition, with in-
creased Km and decreased Vmax values with respect to control
DWM: Km and Vmax values were 0.52 mM and 67 vF/s, 0.71
mM and 48 vF/s, in DWM exposed for 5 and 10 min to
xanthine plus xanthine oxidase, respectively. As a control, in
the same experiment, phenylsuccinate was found to inhibit
succinate uptake in a competitive manner (Ki about 0.63
mM) (Fig. 3B). The mixed inhibition exerted by xanthine
plus xanthine oxidase was con¢rmed by plotting the data ac-
cording to Dixon, Eadie^Hofstee and Hanes plots and as a
single-curve plot [I](13i)/i vs. [S], where i is equal to (v3vi)/v
and v and vi are the rates of the uninhibited and inhibited
reactions. In agreement with the nature of inhibition, showing
a notable competitive component, no inhibition of mitochon-
drial swelling due to xanthine plus xanthine oxidase was ob-
served in high concentration succinate medium (not shown).
The possible involvement of mitochondrial ^SH groups in
the xanthine plus xanthine oxidase-dependent inhibition was
investigated (Fig. 4). The rate of v8 generation in the pres-
ence of mersalyl (0.3 mM), a thiol reagent that cannot enter
mitochondria (trace e), was equal to 30% compared to the
control (trace a). The mersalyl inhibition was completely pre-
vented (not shown) and removed by cysteine (trace b), which
per se caused no signi¢cant change in the rate of v8 gener-
ation (trace c). In the same experiment, incubation of DWM
for 5 min with xanthine plus xanthine oxidase induced an
about 50% decrease in the rate of v8 generation (trace d).
When mersalyl plus xanthine plus xanthine oxidase were
added, an about complete inhibition was found, with a partial
removal due to cysteine (trace f), showing that mersalyl can-
not prevent ROS inhibition. NEM (0.1 mM) was also used as
Fig. 2. Determination of the limiting step of the rate of v8 genera-
tion. The experiments were carried out as reported in Fig. 1A; phe-
nylsuccinate was added, at the reported concentrations, 1 min be-
fore succinate (A). In B^D the reaction medium also contained: 4 ng
antimycin A, added 1 min before succinate (B), or the superoxide
anion producing system xanthine plus xanthine oxidase incubated
5 min (C), or xanthine plus xanthine oxidase plus antimycin A (D).
The rates of v8 generation due to succinate addition to mitochon-
dria are reported as Dixon plots.
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a lipophilic thiol reagent, which can penetrate mitochondrial
membranes, with no prevention of ROS e¡ect (not shown).
4. Discussion
In a model system properly developed, we show that ROS
can decrease the rate of v8 generation supported by succinate
oxidation. The inhibition found derives from ROS generated
by xanthine plus xanthine oxidase, it is prevented by exter-
nally added superoxide dismutase and catalase; moreover, v8
generation impairment depends on the substrate uptake inhi-
bition, as demonstrated by the failure of the early ROS pro-
duction to inhibit NADH oxidation, thus showing that no
e¡ect occurs on the common electron carriers of the respira-
tory chain, and by the control strength experiment, in which
xanthine plus xanthine oxidase can inhibit the same process
inhibited by phenylsuccinate, i.e. succinate uptake by mito-
chondria. We do not show how succinate uptake occurs,
nonetheless investigation as in [21] by monitoring the succi-
nate/malate exchange showed in several experiments a 35^70%
xanthine plus xanthine oxidase-dependent inhibition (not
shown), thus suggesting the involvement of the dicarboxylate
carrier [23] in the ROS^mitochondria interaction.
We suggest that the inhibition by ROS of metabolite car-
riers devoted to ¢ll up the mitochondrial pool of the respira-
tory substrates could be a feedback-like mechanism by which
mitochondria preserve themselves under oxidative stress. In-
deed, under stress conditions mitochondrial ROS generation
increases, with some direct superoxide anion generation ex-
pected towards the intermembrane space [24], thus suggesting
possible defence mechanisms involving mitochondrial compo-
nents facing the outer face of the inner membrane. At present
how ROS impair v8 generation remains to be established.
ROS inhibition was found to be not dependent by ROS^mi-
tochondrial thiol interaction, di¡erently from the ADP/ATP
carrier [25], as suggested by the lack of thiol reagent protec-
tion. Since ROS were found to inhibit succinate uptake ac-
cording to a mixed inhibition, we suggest that the carrier
impairment could depend on the ROS interaction with a va-
riety of mitochondrial compounds including protein carrier
domain(s) and membrane lipids close to the carrier. Consis-
tently, an impairment of inner mitochondrial membrane by
hydrogen peroxide due to activation of phospholipid degra-
dative enzymes was found in plant mitochondria [8] and ROS
proved to cause changes in cardiolipin content in the mito-
chondrial inner membrane [26,27].
The conclusion that mitochondrial inner membrane pro-
teins are favourite targets of ROS is not unique. In rat liver
mitochondria singlet oxygen was suggested to impair several
carriers [25] and inhibition of the phosphate carrier was found
Fig. 4. Non-prevention by mersalyl of xanthine plus xanthine oxi-
dase inhibition. The experiments were carried out as reported in
Fig. 1A. DWM were suspended in the reaction medium without any
addition (a) or with: 0.3 mM mersalyl plus 10 mM cysteine (b),
10 mM cysteine (c), xanthine plus xanthine oxidase incubated for
5 min (d), 0.3 mM mersalyl (trace e), 0.3 mM mersalyl plus xan-
thine plus xanthine oxidase (f). At the arrow 10 mM cysteine was
added. The time of additions to the reaction medium was: mito-
chondria, after 1 min mersalyl, after 1 min xanthine plus xanthine
oxidase, after 5 min cysteine and after 10 s succinate. The incuba-
tion times were also observed when mersalyl, xanthine plus xanthine
oxidase or cysteine were not added. The numbers alongside the
curves represent the rates of v8 generation.
Fig. 3. Nature of inhibition by phenylsuccinate and xanthine plus
xanthine oxidase of the rate of succinate transport. The experiments
were carried out as reported in Fig. 1A. In control experiments (a)
the reactions were started by adding DWM with succinate at the re-
ported concentrations, with continuous measurement of safranin ‘O’
£uorescence made as a function of time. In other experiments the
reaction medium also contained (A) xanthine plus xanthine oxidase
incubated either 5 min (F) or 10 min (R) or (B) phenylsuccinate ei-
ther 1 mM (b) or 4 mM (S). The rates of v8 generation are re-
ported according to double reciprocal plots.
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to be due to the AZT (3P-azido-3P-deoxythymidine)-induced
extra ROS production (Valenti et al., submitted); in myocar-
dial mitochondria superoxide anion and hydroxyl radical
damage Ca2 uptake, with the transport more sensitive than
are oxidative phosphorylation and respiratory chain [28] ; in
mitochondria from the £ight muscles of the house£y, hydroxyl
radical causes a severe loss of functional activity of the ADP/
ATP translocator [29]. Moreover, ROS^membrane protein in-
teraction can regulate mitochondrial functions. ROS induce
opening of the permeability transition pores causing mitopto-
sis of ROS overproducing organelles ([30] and references
therein). In DWM, the activation of both PmitoKATP and
PUMP, which can lower mitochondrial ROS generation
[12,13,31], was found in the early phase of ROS production
[12,13] suggesting the existence of a feedback mechanism to
defend mitochondria against oxidative stress according to a
mild uncoupling mechanism [32].
In conclusion, in the light of the carrier protein localisation
and reactivity, we propose that the impairment of the mito-
chondrial translocators by ROS, together with the ROS-de-
pendent PmitoKATP and PUMP activation, may contribute to
the plant defence mechanism by decreasing energy metabolism
and consequent large-scale ROS production by mitochondria
during oxidative stress in plants.
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